EJ2014. The co-fermentation was optimized by adding glucose (3% for the first fermentation, 1.5% for the second fermentation), MSG (5%), and skim milk (5%). The HDE broth fermented by B. subtilis HA showed pH 7.3, 0.09% acidity, 0.52 mg/g tyrosine equivalents, and viable bacterial counts of 1.4×10 9 CFU/mL. The viscous broth obtained indicated a consistency index of 3.90 Pa.s n and 32.70 mg/mL mucilage after 2 days. Subsequently, after the second fermentation, the broth indicated pH 4.5, 1.08% acidity, 0.87 mg/g tyrosine equivalents and viable bacterial counts of 2.0×10 6 and 3.0×10 9 CFU/mL for B. subtilis HA and L. plantarum EJ2014, respectively. The MSG substrate was effectively converted into GABA, which showed a final concentration of 16.08 mg/mL in the broth. Therefore, the co-fermented HDE was effectively fortified with mucilage, GABA, peptides, and probiotics, and could be used as a functional ingredient for nutraceuticals.
Introduction
measuring the amount of 0.1 N NaOH required to reach a pH of 8.3.
Mucilage and consistency
The fermented broth (5 mL) was centrifuged at 15,000 rpm for 20 min. The supernatant was mixed with twice the volume of isopropanol, and the precipitate was washed with 95% ethanol and dried at 50℃ for 24 h to yield crude mucilage.
The consistency of the fermented broth was determined using a rheometer (HAKKE RheoStress 1, Karlsruhe, Germany) fitted with a cone plate device (Plate PP35Ti, diameter 3.5 cm, 1.0 mm gap) at 25℃. The sample (1 mL) was loaded between the plate and the cone plate device.
Viable bacterial counts To determine viable cells of B.
subtilis, the HDE broth was serially diluted with sterilized water.
Subsequently, 20 μL of diluted culture from the first fermentation was plated onto MRS agar plates and cultured at 42℃ for 24 h to yield colony forming units (CFU). To selectively determine the viable bacterial counts of L. plantarum EJ2014 after the cofermentation, the MRS agar plate with mixed strains was cultured at 30℃ for 24 h to delay the growth of B. subtilis (Kook and Cho, 2013) , and the CFU were determined.
Peptide content A modified Anson's method was applied.
Briefly, the fermented broth (4 mL) was diluted 10-fold using distilled water and centrifuged at 13,000 rpm for 15 min. The supernatant was mixed with 0.7 mL of 0.44 M trichloroacetic acid (TCA) to stop the reaction and incubated at 37℃ for 30 min. The precipitate was removed by centrifugation at 13,000 rpm for 10 min and the supernatant was mixed with 2.5 mL of 0.55 M Na 2 CO 3 and 0.5 mL of Folin-phenol reagent. After incubating at 37℃ for 30 min, absorbance was measured using a spectrophotometer (Ultrospec ® 2100 pro, Amersham Biosciences, Piscataway, NJ, USA) at 660 nm. The peptide content in the supernatant was determined using tyrosine as a standard.
GABA and amino acid analysis Thin-layer chromatography was performed to monitor the production of GABA from the glutamate precursor. The viscous co-fermented broth was diluted 3-fold and spotted on a TLC plate (60 F 254 , Merck KGaA, Darmstadt, Germany). The developing solvent was n-butanol: glacial acetic acid: distilled water (3: 1: 1, v/v/v). The TLC plate was dried in an oven at 50℃, sprayed with a 0.2% ninhydrin solution, and developed in an oven at 105℃ for 3 min or until the spots appeared clearly. The GABA and glutamic acid in the cofermented broth were determined by high-performance liquid chromatography (HPLC).
The γ-PGA content in crude mucilage was determined as the total glutamic acid. The crude mucilage was hydrolyzed in HCl. To determine the free amino acids, the culture broth (30 μL) was completely dried and then reacted with 20 μL of a phenylisothiocyanate (PITC) solution 
Results and Discussion
Physicochemical properties of the HDE The HDE exhibited a dark color and slightly sour typical herbal taste. The physicochemical properties of the HDE are summarized in Table 1 .
The HDE indicated a pH of 5.85, 0.16% acidity, soluble solid content of 21.10 mg/g, and it also contained various minerals, among which K, P, Ca, and Mg predominated.
The growth of microorganisms is correlated with the availability of minerals, particularly Na, Mg, Fe, Ca, and Mn. A complex of mineral salts exerted a positive effect on the biomass accumulation of Bacillus thuringiensis (Drehval et al., 2003) . Thus, the various minerals present in the HDE may provide the mineral nutritional requirement for microbial growth during the fermentation.
Viable bacterial counts after the first alkaline fermentation
The effect of glucose concentration on the viable bacterial counts of the HDE broth fermented by B. subtilis is shown in Table 2 . The HDE proved to be a suitable medium for the fermentation as B.
subtilis HA grew well even without glucose addition, although supplementation with this carbon source was necessary to produce γ-PGA and GABA. The fermented HDE is likely to retain its bioactivities as flavonoids and complex polysaccharides are not used as nutrients by the bacterial strains used, and the enhanced hepatoprotective effects of fermented HDE have been reported (Choi et al., 2014; Wang et al., 2016) .
The alkaline fermentation was performed in the presence of 5%
MSG as this concentration yielded the highest amount of mucilage.
The viable bacterial counts tended to increase as the concentration of glucose increased, indicating that glucose was effectively used as a nutrient for growth. After 1 day of fermentation, the culture broth containing 3% and 5% glucose exhibited viable bacterial counts above 1×10 9 CFU/mL, which increased to 2.82×10 9 CFU/ mL after 2 days in the broth containing 5% glucose, although the number of bacteria decreased afterward. Bacterial numbers remained high and fairly stable in the broth containing 3% glucose.
By contrast, the number of bacteria in the broth lacking glucose remained lower, reaching 3.95×10 8 CFU/mL after 2 days.
pH and acidity of the HDE after the first fermentation The pH and acidity of the HDE broth fermented by B. subtilis for 3 days is shown in Table 2 . The pH of the HDE without glucose notably increased during the fermentation, showing the highest value (8.51) after 3 days. By contrast, the HDE with 3% and 5% glucose exhibited a gradual pH increase, indicating 7.30 and 6.57, respectively, after 3 days. Likewise, the acidity of the HDE containing glucose exhibited a gradual decrease during the fermentation, whereas that of the HDE without glucose showed an abrupt decrease from 0.21% at the start to 0% acidity at the end of the alkaline fermentation. The lowered pH in the broths containing glucose reflect the increase in the number of bacteria and suggest that glucose boosted microbial growth, thus increasing mucilage production (Ogawa et al., 1997) . In addition, even though the fermentation with B. subtilis is an alkaline fermentation, this bacterium is also capable of producing lactate; thus, increased bacterial counts would result in more lactate production and a decreased pH (Cruz Ramos et al., 2000) .
Mucilage and consistency of the HDE after the first fermentation
The effect of glucose on the mucilage production and consistency index of the fermented HDE is shown in Table 2 .
No mucilage production was observed in the HDE broth fermented without glucose, and thus its consistency index was very low. By contrast, the HDE with 3% glucose exhibited the highest amount of mucilage, indicating 32.7 mg/mL mucilage and a consistency index of 3.90 Pa·s n after 2 days of fermentation, although further fermentation resulted in slightly lowered values. In addition, HPLC analysis revealed that the crude mucilage had a γ-PGA content of 595 mg/g. The amount of mucilage produced here was greater than that obtained by fermenting a defined medium (Kim et al., 2014) .
The content and composition of the mucilage produced in an alkaline fermentation depends on the type of strain and nutrient culture conditions (Kunioka and Goto, 1994) . For instance, the mucilage of natto contains a mixture of γ-PGA and fructan produced by Bacilllus subtilis (Candela and Fouet, 2006) .
Nevertheless, mucilage with a high content of γ-PGA was produced in a defined medium containing limited nutrients and MSG (Seo et al., 2008) . Here, the HDE containing 5% glucose exhibited an Pa·s n ) than that obtained using 3% glucose. These results indicate that the mucilage production during the alkaline fermentation of the HDE was dependent upon the concentration of glucose. As described in a previous report (Chen et al., 2010) , glucose is a necessary source of energy for the production of γ-PGA by B.
subtilis; thus, the addition of glucose resulted in an increased mucilage content and consistency index, although excess glucose had a downregulating effect.
It is likely that the major component of the produced mucilage is γ-PGA as MSG acted as the substrate for production (Kim et al., 2014) . The glucose and nitrogen (C:N) ratio in the culture broth is a crucial factor for regulating the production of metabolites during the fermentation (Touratier et al., 1999) . The fermenting sugar in the HDE is a limiting factor, thus addition of glucose boosts microbial growth and metabolite production during the alkaline fermentation, but glucose excess would skew the C:N ratio, hindering metabolite production. Furthermore, the decrease in consistency observed with a greater glucose content is likely to be related to the decrease in pH as a lower pH induces changes in the tertiary structure of the γ-PGA molecule, decreasing its hydrodynamic molecular weight (Seo et al., 2008) . Consequently, addition of 5% MSG and 3% glucose to the HDE followed by fermentation for 3 days yielded a high amount of viscous mucilage and a high and stable number of viable bacteria.
pH and acidity of the co-fermented HDE The HDE broth fermented by B. subtilis HA was subjected to a second fermentation using L. plantarum EJ2014, which is able to produce GABA. After the first fermentation, 1.5% glucose and various concentrations of Skim milk were added to the viscous broth, followed by the cofermentation for 7 days. The pH, acidity, viable bacterial counts, and peptide contents were then evaluated. As shown in Fig. 1a , the pH of the HDE without skim milk decreased gradually from 7.13 to 4.96 during the second fermentation. However, addition of skim milk resulted in a notable pH decrease after 1 day of fermentation, although the pH remained fairly constant during the rest of the second fermentation, except for the broth containing 1% skim milk, which exhibited a slight increase in pH by the end of the cofermentation. These results suggest that addition of skim milk for the second fermentation facilitates microbial growth as it provides lactose as a fermenting sugar, and thus boosts the production of lactic acid. Afterward, the protons derived from the organic acid may be consumed by the intracellular enzymatic conversion of MSG to GABA (Feehily and Karatzas, 2013; Kook and Cho, 2013) .
The changes in the acidity of the co-fermented broth are shown in Fig. 1b . The acidity of the HDE without skim milk increased gradually from 0.09% to 0.54% during the second fermentation. By contrast, the acidity of the HDE supplemented with skim milk notably increased after 1 day of fermentation from 0.16%-0.18% to 0.7%-0.9%. The HDE with 5% skim milk exhibited the greatest increase in acidity, indicating 1.08% after 7 days of cofermentation. On the other hand, the HDE with 1% skim milk exhibited a decrease in acidity after 5 days of fermentation.
Generally, a decrease in acidity is expected during the lactic acid fermentation if MSG is used as a substrate for GABA production (Lee and Lee, 2014).
However, the increase in acidity observed here suggests that the supplementation with lactose through skim milk could be an essential growth factor for acid production during the cofermentation (Kim et al., 2014) .
Viable bacterial counts of the co-fermented HDE The effect
of the skim milk content on the viable bacterial counts of the HDE GABA production, which is likely to be due to modulation of the pH and microbial growth, thus facilitating the bioconversion of MSG to GABA (Lee and Lee, 2014) . GABA is involved in the acid stress response of bacteria; thus, it is likely that the increased acid production attained by supplementation with skim milk stimulated L. plantarum to use the glutamate precursor to synthesize GABA.
Free amino acids in the co-fermented culture broth were determined using HPLC, revealing the complete conversion of glutamic acid to GABA after 5 days of fermentation. The initial glutamic acid content of 20.01 mg/mL in the broth containing 5% skim milk decreased to zero after 5 days, whereas the GABA content increased from none at the beginning to 16.08 mg/mL, which is higher than that reported for a co-fermentation of a soybean/turmeric mixture (Lim et al., 2016) .
We also observed a decrease in the viscosity of the mixture as the fermentation progressed, which may suggest some degradation of the γ-PGA as B. subtilis also produces a poly-γ-glutamate depolymerase, resulting in fragmentation of the polymer.
Nevertheless, the resulting fragments are unlikely to be used by L.
plantarum as GABA precursors as they are γ-glutamyl peptides
and not glutamate monomers (Ashiuchi et al., 2003) .
In summary, the MSG substrate in the HDE was successfully converted to functional ingredients by the serial mixed fermentation using B. subtilis and L. plantarum.
Conclusion
In this study, Hovenia dulcis extract was co-fermented using B.
subtilis HA and L. plantarum EJ2014 for fortifying it with mucilage and GABA. The HDE with 3% glucose and 5% MSG was efficiently converted to a viscous culture, having high mucilage content and viable bacterial counts. Supplementing the first culture broth with 5% skim milk resulted in increased GABA and peptide production. The bacterial strains acted in a synergistic fashion, with B. subtilis producing the viscous environment required by L. plantarum to produce GABA. Therefore, the cofermented H. dulcis extract could be used as a functional ingredient in the production of nutraceuticals.
